In the state of Mato Grosso in the Central-Western region of Brazil, American cutaneous leishmaniasis disease (ACL) has been consistently reported since the year 2000 in more than 90% of the municipalities. In 2005, the disease was reported throughout the state, with most cases identified in the Central-Northern portion of Mato Grosso, a region of intensive agricultural activity (Sinop: 239 cases; Sorriso: 150 cases), as well as in Northwestern districts, where deforestation has intensified recently (Colniza: 148 cases; Juina 140 cases). According to Andrade et al. (2005) , the Leishmania braziliensis group is the predominant complex causing human ACL infection. Less than 10% of cases are related to the Leishmania mexicana complex.
Lutzomyia (Nyssomyia) whitmani s.l. (Antunes & Coutinho 1939 ) is considered the most important vector for the transmission of ACL in Mato Grosso (Costa et al. 2007 , Ribeiro et al. 2007 ), but two other species are also important vectors for ACL in the state: Lutzomyia flaviscutellata (Mangabeira 1942a) and Lutzomyia migonei (França 1920) , reported respectively in 37% and 12% of 41 sampled municipalities (Ribeiro et al. 2007 ). Originally associated with forested ecosystems (Lainson & Shaw 1987) , L. whitmani s.l. has developed anthropophilic habits and occurs under three different epidemiological profiles: sylvatic, sylvatic-modified and periurban (Basano & Camargo 2004) . However, little systematic work on the ecology and spatio-temporal distribution of L. whitmani s.l. is available for central Brazil.
In Mato Grosso, L. whitmani s.l. is ubiquitous and occurs in forests and woodlands of all biomes (Rain forest, Cerrado and Pantanal), as well as in anthropized and urbanized environments (Young & Duncan 1994 , Oliveira et al. 2006 , Souza et al. 2004 . During an 18-month survey in the municipality of Várzea Grande, Mato Grosso, Missawa and Dias (2007) did not find significant relationships between vector density and environmental factors such as temperature, humidity or rainfall. In Northern Mato Grosso, Azevedo et al. (2002) reported high densities of L. whitmani s.l. in an area with a stronger degradation of vegetation cover. The domiciliation of L. whitmani s.l. in rural settlements of the Brazilian government's agrarian reform program was reported in the municipalities of Chapada dos Guimarães and Nova Ubiratã by Rodrigues et al. (2003) , suggesting that precarious socioeconomic conditions favour the presence of L. whitmani s.l. Recently, captures conducted in 2007 diagnosed L. whitmani s.l. in the urban areas of Cuiabá and Várzea Grande as well (ALM Ribeiro unpublished observations). In other Brazilian regions, it has been suggested that the structural characteristics of houses may influence the presence of L. whitmani s.l. (Falqueto 1995 , Campbell et al. 2000 . Furthermore, the recent review by Costa et al. (2007) of the geographic distribution of ACL vectors in Brazil provided limited information on L. whitmani s.l. presence in Mato Grosso. The vector was reported for only four municipalities. Other surveys of phlebotomine fauna including L. whitmani s.l. were spatially restricted to selected municipalities (Azevedo et al. 2002 . Later, Ribeiro et al. (2007) noted the presence of L. whitmani s.l. in 33 of 41 sampled municipalities of the state of Mato Grosso.
To overcome the constraint of limited resources available for vector monitoring, habitat suitability can be spatially analyzed by risk factor analysis (Ready et al. 1998) . Remote Sensing and Geographical Information Systems (GIS) for spatial data processing, techniques such as Ecological Niche Analysis (Stockwell & Peterson 2002 , Peterson & Shaw 2003 , Genetic Algorithm Rule-Set Prediction (GARP) (Nieto et al. 2006) or Logistic Regression (LR) (Gebre-Michael et al. 2004 , Sattler et al. 2005 However, because L. whitmani s.l. was found to be highly anthropophilic in the Amazon (Campbell-Lendrum et al. 1999) and Cerrado savannahs , the vector densities are believed to be linked to socio-economic and housing conditions (Falqueto 1995 , Campbell-Lendrum et al. 2000 . For this reason, in the present study have evaluated the influence of socio-economic as well as other environmental determinants on the spatial distribution of L. whitmani s.l. and to examine how the selected variables can explain the heterogeneity of the habitat characteristics. The results were then used to develop a spatial model of the habitat suitability for the period of conducted field surveys.
MAtERiALS AND MEthODS
Entomologic survey -L. whitmani s.l. data were obtained from entomological surveys of phlebotomine species, conducted between 1996-2001 by the Entomologic Laboratory of the National Foundation of Public Health and the Mato Grosso State Department of Public Health. Captures with CDC light traps were carried out in 41 of the 139 municipal districts of the state of Mato Grosso (Fig. 1) .
Sampled districts are well stratified according to the environmental characteristics of the entire state: 35% of the sampled districts are located in the Amazon rainforest biome, which covers 48% of the state. Fifty five percent are in the Cerrado region, which covers 47% of the state, and 10% are in the Pantanal floodplain, which covers 5% of the state.
In each of the 172 campaigns, between 9-15 CDC traps were proportionally distributed in intra (indoor), peri (pigsty and chicken houses) and forest border ecotopes. The traps were installed at dusk for a period of 12 h.
Collected specimens were stored in 70% alcohol, cleared, and species were identified according to Young and Duncan (1994) . For each trap, the trap index (TI) (number of individuals per trap per night) for L. whitmani s.l. was calculated. TI values were then averaged for each municipality. If more than one campaign was conducted per municipality, the TIs of the campaigns were averaged. Field work was undertaken throughout a 6-year period, with samplings occurring in different seasons (Table I) . Since mean TI values from the sampling campaigns had a non-Gaussian distribution if grouped according to season and year of campaign, non-parametric Kruskal-Wallis analysis was conducted to test if averages from the municipalities could be joined for spatial model building.
Spatial data processing -GIS analysis, including the geo-referencing of data layers, image classification, Digital Elevation Model (DEM) processing and overlay procedures was conducted with the ArcGIS 9.1 software (ESRI, Redlands). A total of 15 spatial datasets were developed to test their predictive value for habitat suitability mapping of L. whitmani s.l. (Table II ). All layers were geo-referenced to the polyconic projection (Datum SAD69) of the 1:1,000,000 Brazilian cartographic base, available digitally from the IBGE (http://www.ibge.gov. br). All attributes were spatially aggregated to the borders of state municipalities.
Vegetation cover, land use and deforestation had already been found to affect vector distribution and the epidemiological profile of ACL (WHO 1990 , Rangel 1995 , Campbell-Lendrum et al. 2001 . Therefore, a four-class layer of vegetation/land use cover (forest, cerrado savannah, agriculture and water) was elaborated by a supervised Maximum Likelihood classification of the Normalized Difference Vegetation Index (NDVI) of the Moderate Resolution Imaging Spectroradiometer, MODIS remote sensing system. The product used (MOD13Q1 -V4) has a spatial resolution of 250 m and is composed of multi-temporal images from a 16-day period from mid-March 2001, to avoid cloud contamination (Huete et al. 2002) . The original NDVI, widely known as an indicator of green vegetation density, was further tested for its predictive power (Cardenas et al. 2006) .
The state of Mato Grosso includes three of Brazil's main biomes: Cerrado (savannah), Amazon (evergreen and transitional forests) and the Pantanal (tropical floodplain formations). The percentage of each biome inside the municipalities was extracted from a thematic map of administrative boundaries of Mato Grosso, as obtained digitally from IBGE (2000) .
Macroclimate zoning and its topography-based modifications define Lutzomyia habitat characteristics such as temperature and precipitation (Peterson & Shaw 2003) . The altitude dependence of the phlebotomine fauna has also been reported (Ferreira et al. 2001 , a: number of campaigns in parenthesis when there were more than one campaign in such a month/year. Margonari et al. 2006) . A DEM from the Shuttle Radar Topography Mission with a 90-m spatial resolution was obtained from the United States Geological Survey in order to parameterize average elevations of municipalities. The average annual precipitation and average annual temperatures were interpolated with a spline-in-tension algorithm (Smith & Wessel 1990 ) from isohyets on a 1:1,500,000 scale, available from the socioeconomic and ecological zoning of state of Mato Grosso (SEPLAN 2005) .
Eight socio-economic data sets, aggregated for each municipality, were determined for the year or averaged for the years of entomologic sampling in the respective municipality. The datasets included the alphabetization tax of adults, income, life expectancy at birth, net primary school enrolment rate of adults and derived indices such as the index of alphabetization, index of education, index of human development and index of gross national product (IGNP). All of these are available from IBGE on an annual basis.
Models for habitat suitability mapping of L. whitmani s.l. were developed by multiple LR analysis, using the "backward conditional" procedure (Hosmer & Lemeshow 1989) . To reduce the number of explanatory data sets for spatial model building, a two-step procedure was adopted. First, correlation and regression analyses were applied to assess co-linearity among exploratory variables (Elmstahl & Gullberg 1997) . Then, each variable was submitted to a univariate LR analysis. Only if its significance level (p) was found to be lower than 0.10, was a variable considered for further analysis. If co-linearity was observed between two variables (Spearmen Rank correlation higher than 0.8), only the variable with the higher significance level was considered in the multivariate LR analysis. Model fitting was repeated for cut-off values of average TIs of 0.5, 1, 2, 3, 5 and 10 to evaluate the sensitivity and specificity of the model. Validation of regression models was conducted using standard LR outputs from SPSS, 10.0 (SPSS Inc), evaluating significance levels of the regression coefficients and contingency table with commission, omission and overall errors.
RESuLtS

L. whitmani s.l. is common throughout the state of
Mato Grosso. Specimens were captured in 33 of 41 sampled municipalities, with a maximum average TI of 20.0 for the municipality of Cláudia, located in the CentralNorthern of Mato Grosso, followed by Rosário Oeste (17.2) in the Central-Southern (Fig. 2) .
If the TIs of the 172 sampling campaigns are grouped according to seasonal period of capture, i.e., dry season (May-October) and rainy season (November-April), a Kruskal-Wallis test strongly rejects the null hypothesis that there are significant differences between TIs (p = 0.79) from the dry and the rainy seasons (Fig. 3A) .
Samplings from 1996 and 1997 appeared have higher medians of TI values, particularly compared with samplings from 1999, but differences were not found to be significant (p = 0.07) (Fig. 3B) . Therefore, TI averages from all sampling campaigns were considered available for spatial model building.
Two explanatory datasets were found to have highly a significant relationship with binarized L. whitmani s.l. TIs aggregated to the 41 municipalities (Table III) . These datasets are the deforestation taxes, which were derived from the supervised land cover classification of multispectral MODIS imagery and the IGNP (Figs 4, 5) . Deforested areas were identified by the maximum likelihood classifier with accuracies of 95.7% (producers' accuracy) and 96.7% (users' accuracy), respectively. Inside the Pantanal floodplain, in the Southwestern municipalities, classification results were corrected by visual imagery interpretation, as natural dry grassland is easily confused with deforestation. The probability of vector presence increased in municipalities with higher deforestation taxes and lower IGNP. The best modelling performance was obtained for a cut-off value of one, resulting in an overall accuracy of 77.5%.
Municipalities with the highest habitat suitability of L. whitmani s.l. are in the Southern of Mato Grosso, including two of the most densely populated municipalities: Poconé and Cáceres, in the Pantanal floodplain. High habitat suitability is also found in the Northern direction, following the BR-163 highway, which is the main axis of agricultural expansion in the savannah and Amazon biomes of the Central-Northern and Southeastern of Mato Grosso (Rosário Oeste, Cláudia, Chapada dos Guimarães, Poxoréu). The municipalities in Northern Mato Grosso with high habitat suitability present low IGNPs and deforestation taxes above 60%.
DiSCuSSiON
L. whitmani s.l. is common throughout the state of Mato Grosso. Specimens were captured in 33 of 41 sampled municipalities, confirming its tolerance of different vegetation types and climatic conditions (Costa et al. 2007 ). The spatio-temporal aggregation procedure for spatial habitat simulation, i.e., comparison of results from a 6-year entomological survey was based on the findings that there are no significant seasonal or inter-annual differences in the values of the TIs, which are highly variable according to the municipalities. A similar finding was reported by Missawa and Dias (2007) for the Várzea Grande municipality, where no significant correlation between climatic variables (temperature, humidity and rainfall) and phlebotomine density was observed. While no long-term entomological studies of L. whitmani s.l. in Mato Grosso are available to compare inter-annual variability of vector presence, the reports of ACL cases in more than 90% of the municipalities since 2000 indicate, that the principal vector is permanently present in the entire state, at least throughout the last decade.
Spatial distribution of L. whitmani s.l. in Mato Grosso is positively correlated with deforestation rates and negatively correlated with the IGNP, a primary indicator of socio-economic development. These findings reinforce statements that L. whitmani s.l. is highly anthrophilic in the Brazilian rain forest, transitional forest and Cerrado savannahs (Campbell-Lendrum et al. 1999 and that deforestation does not result in a general loss of L. whitmani s.l. habitats. The finding that favourable habitats occur in municipalities with weaker economic development confirms that vector occurrence is linked to precarious living conditions, found either in rural settlements of the Brazilian government's agrarian reform program , or in municipalities with intense migratory flows of people from lower social levels.
There is known scale dependence in the mapping of specimen occurrence through spatial predictors (Chust et al. 2004 , Hill & Hamer 2004 , Lira-Noriega et al. 2007 ). The comparison of our findings with the superregional spatial simulations presented in the comprehensive work of Petersen and Shaw (2003) shows the strong scale dependence of L. whitmani s.l. habitat models and the importance of forthcoming vector monitoring to consolidate modelling efforts with higher spatial resolutions. Our findings did not show a significant influence of elevation or average annual temperature on habitat suitability, as described by Petersen and Shaw (2003) . We suggest that this may be due to the scale of our modelling approach: elevation differences in the Mato Grosso territory are about 700 m and their resulting orographic effects on temperatures are much lower than in a super-regional approach that would include coastal regions and the Andes mountain ranges (Petersen & Shaw 2003) . Secondly, both the thematic map of recorded L. whitmani s.l. presence exposed by Costa et al. (2007) and the spatial prediction in the model of Petersen and Shaw (2003) indicate a zone of reduced habitat suitability for the central parts of state of Mato Grosso, which is contrary to our findings. This difference may result from the absence of entomological data in the previous studies. These comparisons emphasize the importance of regional models for an accurate prediction of vector habitat suitability and continuing work on entomologic surveys in the state of Mato Grosso. Another important point to mention is that the above discussion of L. whitmani s.l. habitat suitability ( Fig. 6 ). On the other hand, habitat suitability has probably decreased in municipalities with consolidated agro-industrial production systems, presenting substantial growth in the IGNP during the last five years (green rectangles). Therefore, the applied LR analysis should be seen not only as a spatial prediction at a particular moment, but more generally as a procedure to improve knowledge about the causal relationships between vector presence and socio-environmental factors.
The present study on the habitat modelling of L. whitmani s.l. in Mato Grosso is based on a comprehensive survey of sand flies in the state (Ribeiro et al. 2007) , showing a vector presence much more widely distributed than previously reported. Thus, the highest TIs in urbanized areas and regions of intense agricultural expansion demonstrate the ongoing domiciliation of the vector. Geographical distribution patterns are linked to deforestation rates and the IGNP. Comparisons with previous modelling efforts show that there is high demand for further vector monitoring and development of spatially fine grained habitat mapping of L. whitmani s.l. The relationship between vector presence and socioenvironmental factors can be explained through regression studies that then permit the elaboration of predictive maps. The analysis procedures should be repeated based on updated entomologic surveys and spatial data layers to represent actual habitat suitability.
